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Aims To establish whether irrigant activation techniques (IATs) result in greater intracanal smear layer and debris removal than conventional needle irrigation (CNI). Methodology Six electronic databases were searched to identify scanning electron microscopy studies evaluating smear layer and/or debris removal following the use of manual dynamic activation (MDA), passive ultrasonic irrigation (PUI), sonic irrigation (SI) or apical negative pressure (ANP) IATs in mature permanent teeth. Meta-analyses were performed for each canal segment (coronal, middle, apical and apical 1 mm) in addition to subgroup analyses for individual IATs with respect to CNI. Outcomes were presented as standardized mean differences (SMD) alongside 95% confidence intervals (95% CI) and chi-squared analysis.
Results From 252 citations, 16 studies were identified. The meta-analyses demonstrated significant improvements in coronal (SMD: 1.15, 95% CI: 0.72-1.57 / SMD: 0.54, 95% CI: 0.29-0.80), middle (SMD: 1.30, 95% CI: 0.59-2.53 / SMD: 0.8, 95% CI: 0.58-1.13) and apical thirds (SMD: 1.22, 95% CI: 0.83-1.62 / SMD: 1.86, 95% CI: 0.76-2.96) for smear layer and debris removal, respectively. In the apical 1 mm IATs improved cleanliness; however, differences were insignificant (SMD: 1.15, 95% CI: -0.47-2.77). Chi-squared analysis revealed heterogeneity scores of 79.3-92.8% and 0.0-93.5% for smear layer and debris removal, respectively. Conclusions IATs improve intracanal cleanliness across a substantial portion of the canal, and therefore, their use is recommended throughout root canal preparation. However, current data is too heterogeneous to compare and identify superiority of an individual technique highlighting the need to standardize experimental protocols and develop a more representative research model to investigate the in vivo impact of IATs on clinical outcomes and periapical healing following root canal treatment. adherent to canal walls (Violich & Chandler 2010) . This granular film compromises disinfection by harbouring microorganisms and necrotic debris, restricting irrigant penetration (Baumgartner & Mader 1987) and providing avenues for microleakage following canal filling (Shahravan et al. 2007 ). Its removal is therefore encouraged through the combined use of sodium hypochlorite (NaOCl), a deproteinizing agent and ethylenediaminetetraacetic acid (EDTA), a chelating agent, as no single irrigant simultaneously eliminates both of its organic and inorganic components (Yamada et al. 1983) . However, conventional needle irrigation (CNI) fails to deliver these solutions 0 to 2 mm past the needle tip and into intricate areas of root canals (Munoz & Camacho-Cuadra 2012) , such as the apical third where gas particles may also become entrapped to produce a vapour lock effect (Pesse et al. 2005 , Tay et al. 2010 .
Numerous manual or machine-assisted irrigant activation techniques (IAT) have been developed to overcome the limitations of CNI with some of the most popular and studied including manual dynamic activation (MDA), passive ultrasonic irrigation (PUI), sonic irrigation (SI) and apical negative pressure (ANP) (Gu et al. 2009 ). MDA involves repeatedly inserting a wellfitting gutta-percha (GP) cone to working length in an instrumented canal, using short 2-3 mm longitudinal push-pull strokes, to produce hydrodynamic pressures that displace irrigants (Huang et al. 2008 , McGill et al. 2008 . PUI utilizes small noncutting files oscillating freely in shaped canals at ultrasonic frequencies (25-30 kHz) activating irrigants through acoustic microstreaming (van der Sluis et al. 2007) . SI devices, such as Endoactivator (Dentsply Sirona, York, UK), produce a hydrodynamic phenomenon through oscillation of smooth and highly flexible polymer tips at frequencies of 1-10 kHz (Gu et al. 2009 ). The EndoVac ANP system (Kerr, Orange County, CA, USA) exerts negative pressures on irrigants to collect debris through a vacuum like multivented microcannula, inserted to working length (Gu et al. 2009) .
Despite an abundance of literature reporting on the efficacy of these techniques, outcomes are often conflicting. Additionally, at the time this review was carried out there had been no previous systematic reviews addressing the question of whether IATs lead to more favourable outcomes over conventional methods of irrigation.
Objectives
The primary aim of this systematic review was to establish whether the use of IATs results in greater intracanal smear layer and debris removal, with relation to CNI, in the root canals of mature permanent teeth. Secondarily, the review aimed to identify the efficacy of individual IATs at each level of the canal. The tested null hypothesis was that there is no significant difference in cleanliness between conventional and contemporary IATs.
Review

Eligibility criteria
A comprehensive search was carried out on all published studies evaluating efficacy of smear layer and/or debris removal, following the use of any of the aforementioned IATs and a standardized irrigation protocol (NaOCl and EDTA). As this was impossible to measure clinically, only laboratory scanning electron microscopy (SEM) studies were selected due to the abundant use of this methodology for evaluating intracanal cleanliness. Studies using previously root filled or animal teeth, artificial debris, plastic blocks and open canal systems were excluded to create a sample more representative of mature permanent human teeth instrumented in vivo (Tay et al. 2010) . Similarly those measuring cleanliness in lateral canals, isthmuses or artificial grooves were excluded as they were not concerned with the central body of the canal. The search was limited to English articles published between January 2000 and November 2016 to prevent errors in interpretation and ensure conclusions were drawn from contemporary data.
Search
In the pre-existing and registered review protocol (Virdee et al. 2016) , a focused question and search strategy was developed using the PICO method with subject headings of 'mature permanent teeth', 'manual dynamic activation', 'passive ultrasonic irrigation', 'sonic irrigation', 'apical negative pressure', 'conventional needle Irrigant activation techniques Virdee et al. irrigation' and 'smear layer'. These headings were expanded upon through synonyms, key phrases and indexed terms identified using the authors' knowledge, existing literature and indexed databases. A search strategy, accounting for both sensitivity and specificity, was then developed using truncations and Boolean operators ('OR', 'AND') and adapted for each database (Table 1) .
Study selection
After duplicates were removed, screening of titles/abstracts and full-text evaluation was performed independently by two reviewers (SSV & DWS) using the above criteria to identify relevant studies. Any disagreements were resolved through discussion with a third reviewer (SB). Once selected for inclusion, the same reviewers used a standardized pre-piloted form to extract data for quality assessment and evidence synthesis.
Data items
Extracted data included information on the study setting and sample studied, methods of root canal preparation such as taper and how the canal system was closed, irrigant concentration, volume and agitation time, control and intervention groups relevant to this study, method of how CNI and IAT were used such as agitation time, depth of needle insertion and needle Results were presented in forest plots where the middle of the diamond represented the SMD point estimate and the edges of the diamond indicated the 95% confidence interval (95% CI). The point estimate and 95% CI for individual studies are displayed as a central symbol and a horizontal line, respectively, alongside percentage weighting (% W). Homogeneity was established using I 2 scores and chi-squared analyses.
If I 2 scores were towards 0% and P ≥ 0.05 from chisquared analyses, then fixed-effects models were used, whereas random-effects models were used if I 2 scores were towards 100% and P < 0.05 from chi-squared analyses. All calculations were carried out through STATA V13 using the 'metan' commands.
Risk of bias assessment
The quality of individual studies was scored independently based on the standardized Joanna Briggs Institute (JBI) Critical Appraisal Checklist for Experimental Studies. This critical appraisal tool was adapted for evaluating SEM experimental studies, as per Ethem Yaylali et al. (2015) . It consists of nine questions requiring a yes or no/unclear response which equated to 1 and 0 points, respectively. Scores of ≥7 was deemed low risk of bias, 5-6 medium risk and ≤4 high risk. Scores alongside additional comments are given in Table 2 . To evaluate bias across studies, Eggers tests (P < 0.05) were used to detect small sample bias and funnel plots carried out, for analyses where the number of studies was appropriate large (i.e. ≥10), to identify evidence of publication bias.
Studies selected
In total, 252 citations were identified from the initial search, 95 were eliminated due to duplications and the remaining 157 were reviewed against the inclusion criteria (Fig. 1) . Following title and abstract screening, 37 citations were eligible for full-text evaluation of which 16 provided direct comparisons between CNI and IATs, under the aforementioned conditions, therefore qualifying for inclusion (Table 2 ). Only 12 of these studies provided sufficient quantitative data to be included into the meta-analysis [Caron et al. 2010 [Caron et al. , R€ odig et al. 2010 Table 3 .
Study characteristics
Teeth sampled Of the 16 included SEM studies, all of which were published between 2010 and 2015, 11 sampled straight single rooted canals, whereas five focused on curved canals with angulations greater than 20° (  Table 2 ). Incisors were the most commonly studied teeth (n = 7) followed by molars (n = 5) and then premolars (n = 4), all of which were shaped using nickel-titanium rotary instruments with canal tapers averaging 7% and ranging between 2 and 11% ( Table 2) . Teeth were closed apically using glue (n = 4), silicone (n = 4) or more commonly wax (n = 8), with NaOCl and EDTA irrigant concentrations and volumes ranging between 1.00-5.25% and 15-20% and 3-10 mL and 1-10 mL, respectively (Table 2) .
IATs used
Conventional needle irrigation (n = 16): The types of needles used included notched (n = 1), side vented (n = 3) and open ended (n = 10) with thicknesses of 30G (n = 12) and 27G (n = 3). Needle insertion depth was reported as being 1 mm (n = 5) or 2 mm from Table 2 Methodological characteristics and critical appraisal of all studies included ANP (20) PUI (20) MDA ( 
PUI (15) MDA ( 
ANP (12) PUI (12) SI (12) MDA ( working length (n = 3), or stated simply as 'apically as possible without binding' (n = 4). Duration of agitation ranged from 1 to 6 min. Four studies did not disclose details on insertion depth, two on needle type and seven on agitation time (Table 4) . Apical negative pressure (n = 10): Macrocannula insertion depth was reported as 9 mm (n = 1), 5 mm (n = 1), 4 mm (n = 1) and 2 mm (n = 2) from working length or up to the point of binding (n = 1). Two micro-irrigation cycles were used in five studies and three in the remainder with microcannula placed statically at 1 mm from (n = 1), or equal to working length (n = 1), or at working length with gradual coronal movement every 6 seconds (n = 5) with agitation time ranging between 80 s and 6 min. Four studies did not provide information on the use of a macrocannula and three on the depth of microcannula insertion (Table 5) .
Passive ultrasonic irrigation (n = 10): Six different devises were used at varying power settings. Experimenters used size 20, 0 taper (n = 1) and size 25, 0 taper (n = 2) noncutting tips or size 15, .02 taper (n = 4) and size 20, .02 taper (n = 2) Kfiles at a depth equal to (n = 1), 1 mm (n = 7) or 2 mm (n = 2) from working length. Activation time ranged from 1 to 5 min. One study did not disclose the tip they used and another the insertion depth from working length and agitation time (Table 5) .
Sonic irrigation (n = 7): The power setting SI was constant at 10 000 cycles per minute (n = 5). A size 25, .04 taper (n = 3) and size 15, .02 taper (n = 2) tip was used with one study using both size 25, .04 taper and size 35, .04 taper tips. Depth of insertion was reported as 2 mm from working length with activation time varying from 1 to 6 min. Omitted information included power setting (n = 2), insertion depth (n = 4), tip (n = 1) and agitation time (n = 3) ( Table 5) .
Manual dynamic irrigation (n = 6): One hundred push-pull strokes were completed at a rate of 30 (n = 4) or 60 (n = 2) seconds for 1 to 2 min with corresponding GP points (Table 5) .
SEM evaluation
Nine studies exclusively investigated smear layer removal, one debris removal and six investigated both. All 16 studies inspected the apical third of canals, whereas fewer examined the middle (n = 13), coronal (n = 12) and apical 1 mm (n = 2) segments (Table 2 ). In the two studies that inspected the apical Table 2 ) point systems, to evaluate intracanal cleanliness under SEM magnification which ranged from 35-7009 and 300-3 0009 for debris and smear layer detection, respectively (Table 2) .
Statistical analyses
The statistical tests used to assess significance of the mean scores for each IAT included the Kruskal-Wallis, Mann-Whitney U, Dunn's, Friedman, Wilcoxon, ANOVA and chi-square tests. Only one study declared any conflict of interest (Caron et al. 2010) . Kappa testing was performed in nine of the 16 studies to evaluate intraand interobserver reliability. Despite Blank-Gonc ßalves et al. (2011) and Mendonc ßa et al. (2015) who's kappa scores were ≥0.6 and ≥0.79, respectively, the remaining scores were 0.88 and above.
Results
IAT vs CNI
The overall meta-analyses, which included 12 studies, demonstrate significant improvements in the coronal (Fig. 2d) . The results from individual studies are given in Table 6 . 
Sub group analysis of Individual IATs
The most effective, and statistically significant, IATs for smear layer removal were SI (SMD: 1.29, 95% CI: 0.76-3.41) (Fig. 2a) , SI again (SMD: 2.21, 95% CI:1.20-3.22) (Fig. 2b) and MDA (SMD: 1.50, 95% CI: 0.62-2.37) (Fig. 2c ) in the coronal, middle and apical segments, respectively, the latter of which was almost as equal as ANP (SMD: 1.47, 95% CI: 0.62-2.32) (Fig. 2d) . For debris removal, this was found to be ANP (SMD: 0.62, 95% CI: 0.12-1.12) (Fig. 3a) , PUI (SMD: 1.26, 95% CI: 0.77-1.74) (Fig. 3b) , and MDA (SMD: 2.22, 95% CI: 1.19-3.26) (Fig. 3c) , respectively. At 1 mm from the apex, ANP (SMD: 2.34, 95% CI: -1.08-5.76) (Fig. 2d) had the greatest impact on the smear layer; however, it was statistically insignificant and had the widest 95% CI. Techniques that were statistically insignificant for smear removal included MDA (SMD: 0.64, 95% CI: -0.16-1.44) (Fig. 2a) in the coronal segment and ANP (SMD: 2.34, 95% CI: -1.08-5.76), SI (SMD: 0.11, 95% CI: -0.69-0.91) and PUI (SMD: 0.08, 95% CI: -0.88-0.72) for the apical most 1 mm in which the latter produced a negative effect (Fig. 2d) . For debris removal, this was MDA (SMD: 0.37, 95% CI: -0.43-1.18) and PUI (SMD: 0.45, 95% CI: -0.05-0.96) for the coronal (Fig. 3a) , MDA (SMD: 0.48, 95% CI: -0.33-1.29) for the middle (Fig. 3b) , and finally SI (SMD: 1.42, 95% CI: -0.60-3.43) and PUI (SMD: 2.47, 95% CI: -0.86-5.80) for the apical third of canals (Fig. 3c) .
Heterogeneity Tests
For the overall meta-analyses in smear layer removal, containing 11 studies chi-squared tests indicated significant heterogeneity in the coronal (I 2 = 81.2%, P < 0.0005), middle (I 2 = 79.3%, P < 0.0005), apical (I 2 = 81.3%, P < 0.0005) and apical 1 mm (I 2 = 92.8%, P < 0.0005) portions of the canal, and therefore, random-effects models were used. [ Fig. 2 (a,b,c,d) ] However, only the apical segment (I 2 = 93.5%, P < 0.0005) (Fig. 3c ) displayed similar heterogeneity for the overall meta-analysis on debris removal, which contained four studies, as sufficient homogeneity was achieved in the coronal (I 2 = 0.0%, P > 0.05) and middle (I 2 = 6.5%, P > 0.05) thirds where fixed-effect models were used [ Fig. 3(a,b) ]. Significant heterogeneity existed within the subgroup analyses for smear layer removal. Only PUI in the coronal (I 2 = 53.0%, P > 0.05) (Fig. 2a) and middle (I 2 = 10.6%, P > 0.05) (Fig. 2b) portions of canals achieved moderate homogeneity. However, for debris removal, only SI (I 2 = 94.5%, P < 0.05) and PUI (I 2 = 92.8%, P < 0.05) in the apical third displayed significant heterogeneity whilst the remainder achieved adequate homogeneity (Fig. 3c) .
Bias assessment
Only the meta-analysis for smear layer removal in the apical portion qualified for funnel plot analysis and demonstrated evidence of bias due to some of the points lying outside the broken lines and a slight asymmetry in their distribution (Fig. 4) . Additionally, Eggers tests suggested small sample bias (P < 0.05) was present for all but the meta-analysis on debris removal in the middle canal. No study scored ≤4 on the critical appraisal checklist.
Summary of evidence
IAT vs CNI Overall, the findings suggest when compared with CNI, IATs significantly improve intracanal cleanliness Table 6 Results of individual studies included in the meta-analysis for smear layer across a substantial portion of the canal. However, the heterogeneity of the studies is such that this review does not allow for accurate interpretation of the meta-analyses. The chi-squared tests ranged between 79.3% to 92.8% and 0.0% to 93.5% for smear layer and debris removal, respectively, with the greatest heterogeneity being present in the apical most segments of the canal (Figs. 2 and 3 ). Methodological variations account for these high scores with a lack of standardization in the control and test groups, solution volume and concentrations, teeth sampled and the scoring systems used to evaluate smear layer and debris removal. The additional lack of crucial information also introduces bias within the review making it difficult to compare CNI with other IAT. This could explain why a small proportion of studies reported almost equal debridement efficacies in isolated regions of canal (Palazzi et al. 2012 , Ribeiro et al. 2012 , Saber Sel-D & Hashem 2011 . Furthermore, only two studies (Mancini et al. 2013 reported on the apical 1 mm of the canal and not all IATs were tested. Hence, the volume of evidence is considerably low in this region and further investigations are needed before any clinical recommendations can be made for this region. On the other hand, the narrative synthesis does support the notion that IATs result in greater intracanal cleanliness than CNI as all studies that met the inclusion criteria concluded significant improvements were observed in smear layer and/or debris removal following irrigant agitation (Tables 4 and 5) . Additionally, no study found CNI to be significantly better than any of the aforementioned IATs in any segment of the canal. This concept is further reinforced by validated computational fluid dynamic studies such as Chen et al. (2014) who found shear stresses and hydrodynamic pressures generated through CNI were more localized than those created by IATs. This is consistent with a large body of evidence that reports greater irrigant distribution via IATs , Munoz & Camacho-Cuadra 2012 , Spoorthy et al. 2013 , Dhaimy et al. 2016 . Therefore, although the authors acknowledge the limitations of the data, there is consistency within the findings and the surrounding literature to support the notion that IATs result in greater smear layer and debris removal than CNI across a substantial portion of the canal. For these reasons, the null hypothesis is rejected.
Efficacy of Individual IATs
The lack of standardization in how the individual IATs were used does not allow for comparisons to be made between techniques. Factors such as insertion depths (Sedgley et al. 2005 , Boutsioukis et al. 2010 , Perez et al. 2017 , power intensities (Jiang et al. 2011) and canal taper (de Gregorio et al. 2013) all impact the degree of smear layer and debris removal. Significant variations in these features as well as activation time and file type were found to be present in the studies included in this review (Table 5) . Consequentially, no single technique was found to be superior in both the meta-analysis and the narrative synthesis as in the latter; ANP was recommended 10 times, SI six times, PUI five times and MDA three times. This heterogeneity would therefore make it difficult to advise on which techniques to use and highlights the need for researchers to develop a more standardized research model.
Limitations
It must be emphasized that the results of this study are based on laboratory SEM experiments that according to the Oxford Centre for Evidence Based Medicine are of grade 2 level of evidence (Phillips et al. 2009 ). The limitation of conventional SEM methods is apparent as the process of mounting, sectioning and gold sputtering teeth could potentially affect the remaining debris or smear layer on canal walls. Results may also significantly vary depending on the location within the canal the image was taken. For instance, smear layer production is reliant on direct instrumentation; however, significant portions of dentine often remain untouched (Baumgartner & Mader 1987, Peters et al. and analysis of these regions could give false representation of IAT efficacy. There is also lower density of dentinal tubules towards the apical third of the canal (Mj€ or & Nordahl 1996) , and the occluded appearance of tubules in sclerotic dentine, resulting from physiological and pathological processes, could be mistaken for surfaces covered in true smear layer (Lottanti et al. 2009 ). Preoperative visualization of the dentine surface would help limit these variables; however, conventional SEM methods do not allow for this longitudinal observation. Nevertheless, these factors need to be considered when selecting the site of analysis; however, the included studies lacked this detail and only described images being taken in 'representative areas' or 'areas of interest' which could potentially introduce bias. Additionally, 14 different microscopes were used with varying magnifications making it difficult to interpret results between studies (Paradella & Bottino 2012) .
The subjective nature of the scoring systems warrants the need for Kappa testing to indicate inter-and intra-observer reliability; however, only nine of the 16 studies had conducted this analysis with the results of two signifying low levels of objectivity. In future reviews, the presence of this test should be made as an inclusion criterion to reduce bias. The data also demonstrated evidence of small sample and publication bias, and therefore, caution must be taken when extrapolating outcomes of this review to clinical situations (Fig. 4) .
Future research
The lack of coherent conclusions highlights the need for a more robust experimental model. Other laboratory methods include the use of optical microscopy, histology and atomic force microscopy; however, these also present with similar limitations (De-Deus et al. 2011) reinforcing the notion that an ideal model for evaluating intracanal cleanliness does not yet exist. However, the most relevant outcome measure to clinicians using IATs and patients is likely to be the impact on the success of root canal treatment. A clinical research model testing this, such as that used by Liang et al. (2013) , could provide more representative data. This type of clinical study would:
• Use a randomized controlled design The use of such a model would be more relevant and better inform practitioners on the efficacy of these devises than current laboratory studies and therefore is recommended to be used for future research concerned with evaluating the effectiveness of different IATs,
Conclusion
Within the limitations of this study, the authors conclude IATs improve intracanal smear layer and debris removal when compared with CNI and therefore recommend their use during root canal treatment. However, the current data are too heterogeneous to compare and subsequently recommend individual techniques. This highlights the need for standardizing experimental protocols and developing a more representative research model that investigates the in vivo impact of IATs on clinical outcomes and periapical healing after root canal treatment.
